as described in (14) , except that 4 mM lactic acid, 2 mM pyruvic acid, and 0.4 mM ascorbic acid were added to the extracellular solution, and 1 mM kynurenic acid was added during the dissection. Pairs of pyramidal neurons and FS cells were recorded in layer V of the visual and somatosensory cortices. Somatic whole-cell recordings were made as previously described in (14) , except that the intracellular solution contained 0.2 mM EGTA. Data are given as mean Ϯ SEM. Differences were considered statistically significant (Student's t test) if P Ͻ 0.05. Peaks in the cross-correlogram were considered significant if individual bins exceeded expected values by 2.5 SDs. 26. The latency of the single-axon EPSPs was measured between the peak of the presynaptic action potential and the beginning of the synaptic potential. Average synaptic responses were obtained after aligning the traces by the peak of the presynaptic action potential. Spikes were generated in the pyramidal cells by injecting a brief pulse (3 to 5 ms, 1 nA) of current. 27. Z. F. Mainen, T. J. Sejnowski, Science 268, 1503 (1995). 28. To generate the uncorrelated random currents, a
Poisson train (2000 Hz) was convolved with the waveform of a single-axon EPSC, and the result was combined with the convolution of a Poisson train (1000 Hz) and a single-axon IPSC waveform. The waveforms of the synaptic currents were previously recorded (13). Trials were separated by 1 to 3 s. 29. PSTHs were built from 200 to 1300 trials. Data were aligned to the peak of the presynaptic spike before constructing the PSTH. To determine the beginning and the end of the PSTH peak, a cumulative sum of the histogram was built after subtracting the baseline spike frequency (31). The baseline was defined as a 50-ms period preceding the presynaptic spike. 30. At a holding potential of -70 mV, presynaptic spikes produced unitary EPSCs with an average rise time (10 to 90 %) of 0.43 Ϯ 0.06 ms and a weighted decay time constant of 1.9 Ϯ 0.3 ms [n ϭ 6 pairs ( Fig. 2A) ]. The mean peak amplitude was 185 Ϯ pA (range, 28 to 488 pA; n ϭ 6 pairs). The corresponding unitary EPSPs recorded at resting conditions (ϳ -73 mV ) had a rise time of 0.77 Ϯ 0.12 ms and a weighted decay time constant of 9.4 Ϯ 0.9 ms [n ϭ 7 pairs ( Fig. 2A) We used near-edge x-ray absorption fine structure (NEXAFS) spectroscopy to link the orientational bond order at three carbonaceous surfaces-rubbed polyimide, ion beam-irradiated polyimide, and ion beam-irradiated diamondlike carbon films-with the direction of liquid crystal (LC) alignment on these surfaces. We show that, in general, LC alignment can be created on any carbonaceous substrate by inducing orientational order at its surface. Our results form the scientific basis for LC alignment layers consisting of amorphous carbon films in which orientational order near the surface is induced by a directional low-energy ion beam.
The alignment of a nematic LC, consisting of an assembly of rodlike molecules, on rubbed polymer surfaces underlies the manufacture of today's flat panel displays (1) . Because of various problems associated with the wet polymer deposition and the mechanical rubbing processes, much research has been devoted to the development of improved methods and materials. So far, this effort has been largely unsuccessful. Although noncontact methods such as ultraviolet (2-4) or ion beam (IB) (5) irradiation have been suggested, their reliance on polymer substrates has impeded their technological use. A replacement process should be based on an inexpensive substrate material that can be deposited in a dry deposition process on large area panels, required for future applications in desk-top displays. Also, present displays suffer from limited viewing angles, and an improved process should allow the fabrication of microscopic multidomain alignment regions that enable larger viewing angles (4). The lack of scientific understanding of the alignment process is another critical factor that has been missing for a device enabling advance. Early LC alignment models were based on the existence of microgroves at the surface of the alignment film (6) . Later models invoked epitaxylike effects at the polymer surface where the LC is oriented by a preferred crystalline structure (7), microcrystalline nucleation sites (8) , or crystalline regions with a preferred chain orientation (9) . The technologically important pretilt angle has been speculated to arise from tilted main or side chain segments at the rubbed polymer surface that "guide" the LC rods (10, 11) .
Theoretical advances have been impeded by the complexity of the LC-polymer system, and only specific aspects of the alignment phenomenon have been addressed. The preferred orientation of the LC rods parallel to the surface has been attributed to steric effects between the LC and a flat surface (12) , and their preferred uni-axial in-plane alignment has been modeled by a macroscopic theory of van der Waals forces between two semiinfinite anisotropic uniaxial continuous media (13). The LC pretilt angle has been explained by the van der Waals interaction between asymmetric LC molecules, hinged to the surface on one side, and the polymer surface, modeled as a continuous semiinfinite dielectric medium (14) . A general phenomenological theory has explained LC alignment by a molecular interaction that links the orientational order of the LC system to the molecular order at the surface of the alignment substrate (15) .
We used polarization-dependent near-edge x-ray absorption fine structure (NEXAFS) measurements to determine the nature and order of the chemical bonds at the surfaces of three carbonaceous alignment layers-rubbed polyimide (PI), IB-irradiated PI, and IB-irradiated amorphous carbon films. Our results provide definitive evidence for the molecular nature of the LC alignment mechanism and directly suggest the use of inorganic amorphous carbon films for LC alignment. The scientific understanding of the molecular level alignment process and the convenient dry deposition of thin amorphous carbon layers, which can be made more transparent by addition of hydrogen, form the scientific basis for a device enabling breakthrough. The new LC alignment layers for flat panel displays are based on hydrogenated amorphous, so-called diamondlike carbon (DLC) films with IBinduced orientational order (16) . The IB process also opens the door for the manufacture of multidomain displays with enlarged viewing angles.
Indium-tin-oxide-coated glass plates were spin-coated with PI to a thickness of less than 100 nm or covered by a thin DLC film (about 10 nm) (17), produced by sputtering or chemical vapor deposition with hydrogen content in the 10 to 30% range. Some of the PI samples were rubbed with a rayon-cloth rubbing machine. The other PI samples and the DLC samples were irradiated with a directional beam of neutralized Ar ions with a Kaufman type source at beam energies in the 75-to 300-eV range (5). The rubbing direction and in-plane projection of the IB were along the ϩx axis of our coordinate system, as shown in Fig. 1 . The IB incidence angle ␣ from the surface normal was varied in the range 15°to 75°. All LC pretilt angle measurements were carried out with a Merck ZLI-5080 liquid crystal (5). For rubbed PIs, the LC director, defined as the average rod direction x, is oriented along the rubbing direction and tilted up by a pretilt angle ε (Fig. 1) . For the IB-treated samples, the director is also parallel to x but is tilted up from the Ϫx direction (see Fig. 1 ).
NEXAFS measurements were carried out at the Stanford Synchrotron Radiation Laboratory with nearly linearly polarized soft xrays from the wiggler beam line 10-1, equipped with a spherical grating monochromator. The energy resolution was fixed to about 100 meV at the C K-edge. NEXAFS spectra were recorded by KVV Auger electron (AEY) detection, which samples only the first nanometer below the free surface (18) . Spectra were recorded in the geometry shown in Fig. 1 with the electric field vector ជ E in either the (x, z) or (y, z) plane at an angle from the surface normal z. We define to be positive for ជ E in the (ϩx, z) and (ϩy, z) quadrants and negative for ជ E in the (Ϫx, z) and (Ϫy, z) quadrants, respectively. The spectra were normalized to the incident photon flux and to the number of C atoms in the sample, as discussed elsewhere (15, 18) .
In Fig. 2 , we show angle-dependent C K-edge AEY NEXAFS spectra of the rubbed PI and of a PI and DLC film irradiated at ␣ ϭ 45°. In the left panel, we compare spectra recorded at normal x-ray incidence with ជ E aligned along the x (black line) and y (red line) axes. The right panel shows spectra recorded with ជ E oriented in the (x, z) plane at ϭ 45°(black line) and Ϫ45°(red line). The three peaks below 290 eV correspond to transitions to * orbitals on different C atoms as indicated in the figure, and the peak intensities are quantitatively related to the average number of * orbitals per carbon atom and their projection along ជ E (15) . The spectrum of the IB-irradiated PI surface closely resembles that of the IBirradiated DLC and the DLC film before irradiation (not shown in figure) . In particular, the peak at 285 eV, hereafter referred to as peak 1, arises from CϭC bonds in unsaturated, mostly ringlike, structures in an amorphous carbon network (19) . For the DLC films, the spectral peaks around 286.5 eV and 288.5 eV arise from nitrogen and oxygen contamination. The higher energy resonances above 290 eV exhibit the opposite polarization dependence, as expected. For all substrates, the orbitals have a preferential in-plane alignment along y. In contrast, the out-of-plane orientation in the (x, z) plane is asymmetric with respect to the z axis, favoring the (Ϫx, z) over the (ϩx, z) quadrant for rubbed PI and vice versa for the IB prepared surfaces. The IB prepared surfaces yielded good LC alignment despite the relatively small asymmetry of the spectra (Fig. 2) (20) .
The measured intensities of peak 1 for ori- entation of ជ E in the (x, z) and (y, z) planes are shown in Fig. 3 for the same PI that was either rubbed (Fig. 3B ) or irradiated at ␣ ϭ 45°and 100 eV at a dose of 1.5 ϫ 10 16 Ar ions/cm 2 ( Fig. 3A) . The measured intensity of peak 1 in the (x, z) plane, shown as diamonds, is found to be asymmetric with respect to the surface normal. The solid curve through the data points is a fit by the general NEXAFS intensity distribution function (15, 21) :
where the constants a and b are determined by the angular distribution of the system and the degree of x-ray polarization (15) and the angle ␥ characterizes the average tilt angle of the bonds at the surface. From the fits, we obtain ␥ ϭ Ϫ6.0°Ϯ 0.5°for the rubbed and 18.8°Ϯ 1.0°for the IB-treated PI. The preferential tilt of the bonds at the film surface is illustrated in the inset of Fig. 3, A and B. Here we pictured the orbitals to be perpendicular to the in-plane bonds in a ringlike carbon structure. The observed asymmetry is opposite for the rubbed and IB-treated samples.
The intensity asymmetry relative to ϭ 0 is absent for the (y, z) plane. The corresponding intensity is shown as open circles in Fig.  3 , A and B, fitted by a dashed line according to
In both cases, our measurements show a larger peak 1 intensity for ជ E Ϯy (dashed curve, ϭ Ϯ90°) than for ជ E Ϯx (solid curve, ϭ Ϯ90°), i.e., a preferential in-plane bond orientation perpendicular to the rubbing or IB direction.
The opposite sign of ␥ for the rubbed and IB-treated sample suggests a close link of the bond asymmetry at the film surface with the LC pretilt direction, illustrated in Fig. 1 . For IB-treated PI and DLC surfaces, even the magnitude of the LC pretilt angle ε is correlated with ␥ as shown in Fig. 4 . Here we compare the measured LC pretilt angles for samples irradiated at different incidence angles ␣ with the tilt angles measured with NEXAFS. In general, the LC pretilt angle ε depends not only on the substrate orientation alone but also on the chemical composition of the alignment surface and on the LC compound (14, 22) . However, in our case, we only change the bond asymmetry through the IB incidence angle so that the used LC (Merck ZLI-5080) only senses the relative change in bond asymmetry. This uniquely demonstrates the direct proportionality between ε and ␥.
At the rubbed polymer surface, orientational bond order arises from a preferential alignment of the polymer chains (15) . For the IB-treated surfaces, orientational order is created by preferential bond breaking and bond formation relative to the incident IB direction. Carbon-carbon bonds and rings oriented perpendicular to the incident IB provide a larger cross section for the IB and are preferentially destroyed over those whose bonds or bonding planes are parallel to the beam direction. Near the irradiated surface, the amorphous carbon network will therefore exhibit a preferential orientation of its bonds parallel and bonds perpendicular to the beam direction, respectively, as observed by NEXAFS.
LC alignment on carbonaceous materials can be understood by consideration of the angle-dependent interaction between two systems, the LC and the alignment surface, using the Landau-De Gennes formalism (23) . Within this framework, the orientational order of the LC and the alignment surface are described by quadrupole moments of the charge density, and the minimum interaction energy corresponds to an alignment of the eigendirections of the two quadrupoles (15) . NEXAFS spectroscopy provides a sensitive measure of the quadrupole moment of the molecular system at the alignment surface. For the alignment surface, the principal axes xЈ, yЈ, and zЈ of the quadrupole moment form a coordinate system that is rotated by an angle ␥ about the y ϭ yЈ axis. The rotation angle originates from the unidirectional surface treatment that destroys the cylindrical molecular symmetry about the surface normal. The left column in Fig. 2 shows that the rubbed polymer surface and the IB-treated surfaces all have the same in-plane quadrupolar charge asymmetry and therefore the in-plane LC alignment direction is along the x axis, in all cases. However, rubbing and IB treatment lead to opposite out-of-plane bond asymmetries, as evident from the right column of Fig. 2 . The quadrupolar charge distribution is rotated by ␥ in opposite directions from the surface normal, as illustrated in Fig. 3 . This leads to the two distinctly different pretilt directions illustrated in Fig. 1 . Our results suggest that any method that creates a statistically significant orientational order at the surface of a carbonaceous material can be used for LC alignment. Even materials without translational order, i.e., amorphous materials, may have orientational order because of the strong directional nature of unsaturated carbon bonds (24 ) . In general, the anisotropy of carbon bonding increases with unsaturation. Tetrahedral sp 3 bonds are isotropic, sp 2 bonds are planar, and sp bonds are axial. Hence, disordered systems with bonding are more readily oriented than those with saturated bonds. Rubbing (1), ultraviolet irradiation (2-4 ), and IB irradiation (5) are examples of methods that can produce orientational order.
In particular, we have shown that amorphous carbon surfaces in which orientational order has been induced by directional irradiation with a low-energy IB can be used for LC alignment. The scientific understanding reported here forms the foundation for flat panel displays that have been manufactured at IBM (16) . 
